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CATALYSIS
The critical role of water at the
gold-titania interface in catalytic
CO oxidation
Johnny Saavedra,1 Hieu A. Doan,2 Christopher J. Pursell,1 Lars C. Grabow,2* Bert D. Chandler1*
We provide direct evidence of a water-mediated reaction mechanism for room-temperature
CO oxidation over Au/TiO2 catalysts. A hydrogen/deuterium kinetic isotope effect of
nearly 2 implicates O-H(D) bond breaking in the rate-determining step. Kinetics and in situ
infrared spectroscopy experiments showed that the coverage of weakly adsorbed water
on TiO2 largely determines catalyst activity by changing the number of active sites. Density
functional theory calculations indicated that proton transfer at the metal-support interface
facilitates O2 binding and activation; the resulting Au-OOH species readily reacts with
adsorbed Au-CO, yielding Au-COOH. Au-COOH decomposition involves proton transfer to
water and was suggested to be rate determining. These results provide a unified
explanation to disparate literature results, clearly defining the mechanistic roles of
water, support OH groups, and the metal-support interface.
T
he interactions between transition-metal
nanoparticles and their metal-oxide sup-
ports are often critical for heterogeneous
metal nanoparticle catalysts (1). However,
the roles of the species involved are often
not well understood, especially for supported Au
catalysts, which are active for selective hydro-
genations (2, 3), oxidations (3–5), and the water-
gas shift (WGS) reaction (3, 6). Several factors
have been suggested for the exceptionally high
activity of Au catalysts, including quantum size
effects (7), particle geometry (8, 9), and under-
coordinated Au atoms (10–12).
Oxygen activation at the metal-support inter-
face is widely regarded as the key step in room-
temperature CO oxidation (13–17), but substantial
debate remains regarding the nature of the ac-
tive site (9, 12, 17–23). Experimental studies indi-
cate that materials lacking OH groups are inactive
(24, 25), yet, the dominant mechanistic models
vary in the suggested role of support OH groups
and generally highlight the possible role of oxy-
gen vacancies (16, 17, 22–24, 26). Computational
models also have not indicated a clear mecha-
nistic role for the support OH groups, and isotope-
labeling studies indicate that CO and O2 react
without incorporating oxygen from the support
(21, 27). Perhaps most importantly, as Fig. 1A
shows, water markedly increases catalytic activity
(20, 21, 26, 27), yet only one proposed mechanism
suggests a direct potential role for water (21).
We performed an experimental and computa-
tional study to better understand how water,
surface hydroxyls, and the metal-support inter-
face interact during CO oxidation over Au/TiO2
catalysts. The surface water and hydroxyl groups
of a commercial Au/TiO2 catalyst were deuterated
in situ with flowing D2O/N2 [supplementary ma-
terials (SM) 3.1 and 3.2]. The exchanged catalyst
was then flushed with N2 to remove excess D2O.
Under these conditions, we measured a large ki-
netic isotope effect (KIE, kH/kD = 1.8 T 0.1, Fig.
1B), consistent with a primary KIE, indicating
O-H(D) bond cleavage in the rate-determining
step (RDS). Previous studies on Au/Al2O3 cat-
alysts (21, 28) found almost no rate difference
(kH/kD ≈ 1 to 1.2) upon switching H2O for D2O
in the feed and concluded that an equilibrium
isotope effect might be involved (21). Our studies
(Fig. 1C) showed that adding 700-Pa H2O/D2O to
the feed reduced the observed KIE to 1.4. This
change was reversible: 60 min after removing
H2O/D2O from the feed, the KIE approached the
original value (Fig. 1C). The large KIE under rel-
atively dry conditions indicates that water or sup-
portOHmustbe involved in the reactionmechanism
and that O-H(D) bond cleavage occurs in a
kinetically important step. Further, the reaction
is subject to saturation kinetics, with added water
affecting the kinetics of the RDS.
We explored potential mechanistic roles of
O-H bonds with density functional theory (DFT)
studies using a 10-atom gold nanocluster resid-
ing on four layers of TiO2(110) support. Unlike
previous studies, our computational model (SM
2.5 and 2.6) includes both support OH groups
and adsorbed water (13, 14, 18, 29). This model
substantially simplifies the real system, using a
small Au cluster and a single water molecule
to represent 3-nm particles and multiple water
molecules. Thus, the DFT calculations provide
substantial insight into likely elementary reac-
tion steps, but need to be interpreted in the
context of the more complex real system.
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Fig. 1. Water and kinetic isotopic effects on CO oxidation over Au/TiO2. (A) Effects of water on the
overall reaction rate. (B) Reaction rate for protonated (▲H) and deuterated (●D) catalysts in the
absence of added water (six trials averaged). (C) Changes in reaction rate induced by adding 700 Pa of
H2O/D2O. Reaction conditions: 20°C, 1% CO, 20% O2, space velocity (SV) = 36 liters g catalyst−1 min−1.
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The H2O molecule adsorbed on a bridging
OH group at the metal-support interface through
hydrogen bonding interactions; this adsorption
motif was ~1.0 eV more stable than adsorption
on the Au cluster and ~1.4 eV more stable than
adsorption on a bridging OH group away from
the interface (SM 6.1). Although we studied several
O2 adsorption and activation pathways (Fig. 2, SM
6.2 and 6.3), we did not find an intermediate spe-
cies with O2 bound only to Au atoms near the
metal-support interface. In all cases, an essentially
barrier-free proton transfer lowered the overall
energy of the system, generating H2O2* or *OOH
(Fig. 2; “*” references species adsorbed to Au). Once
*OOH formed, it migrated along the Au particle,
allowing atoms near, but not strictly at, the metal-
support interface to participate in the reaction.
The KIE and DFT studies indicate proton trans-
fer in a key reaction step, but they do not pro-
vide sufficient information to determine if the
reaction is initiated by adsorbed water or support
OH groups. In situ infrared spectroscopy was
therefore used to quantify these species (SM 4.1)
and compare catalyst activity to their relative sur-
face concentrations. The non–hydrogen-bonded
nOH stretching vibration centered near 3650 cm
−1
is exclusively associated with support OH groups,
whereas the dHOH bending vibration centered at
1623 cm−1 is exclusively due to adsorbed water.
There is also a broad band centered around
3400 cm−1 assigned to nOH forOHgroups involved
in hydrogen bonding that may have contribu-
tions from both water and Ti-OH [complete
infrared (IR) analysis in SM 4.1].
Our catalysis studies do not indicate a direct
role for support OH groups in the reaction mech-
anism. Gentle drying with flowing N2 (Table 1
and Fig. 3A) only removed water and had little
effect on the support OH bands. Catalytic activ-
ity, however, dropped by an order of magnitude,
indicating that adsorbed water, not support OH,
is the key proton donor. Further, a constrained
ab initio thermodynamic analysis (SM 2.6) indi-
cates that the support OH groups at the metal-
support interface are thermodynamically unstable
relative to gas-phase water under dry conditions
and therefore would be unavailable as proton
donors. As water is added to the system, the in-
terfacial support OH groups and weakly ad-
sorbed water are equilibrated and ultimately
become indistinguishable.
Several mechanisms reported in the litera-
ture invoke OH transfer from the support to Au
(17, 23) as an elementary step. Our experimental
and DFT studies do not support such a step. The
calculated barrier for transferring a Ticus-OH
group to Au [activation energy (Ea) = 1.63 eV,
SM6.5] is too large to bea viable room-temperature
pathway. Further, generating *COOH from *CO
and *OOH (DE = –2.23 eV, Ea = 0.10 eV) is thermo-
dynamically and kinetically far more favorable
than the reaction between *CO and Ticus-OH (DE=
0.60 eV, Ea = 0.72 eV, SM 6.5).
To quantify the effects of adsorbed water, we
performed a series of adsorption, thermogravi-
metric analysis (TGA), and kinetics experiments.
IR spectroscopy showed water adsorption on
titania (not on Au, SM 4.1), consistent with DFT
calculations (SM 6.1). The adsorption isotherm
quasi-saturated around 700 Pa (1.7 weight %,
13 molecules/nm2), corresponding to roughly
1.5 monolayers of water on titania, suggesting
a bilayer adsorption structure typical for water
(30). The reaction rate correlates extremely well
with the amount of weakly adsorbed water, and
the reaction order (1.33, Fig. 3B) is substantial-
ly larger than the reaction orders for CO or O2
(0.01 and 0.1 to 0.3, respectively; SM 5.1 to 5.3).
We further evaluated the reaction kinetics
using a Michaelis-Menten (M-M) kinetic model
(SM 5.2), which provides quantitative metrics
that characterize heterogeneous catalysts (31).
This model helps distinguish between changes
in the inherent activity of the active site (measured
with KR—analogous to the conventional KM)
and the relative number of active sites (associated
with nmax). Double-reciprocal plots of the O2 de-
pendence data (Fig. 3C) yield KR values that are
independent of the water coverage (Fig. 3D),
indicating that H2O did not affect the inherent
reactivity of the active sites. The nmax values, how-
ever, increased linearly with adsorbed water. Be-
cause KR was essentially constant, this indicates
that weakly adsorbed water increased the effec-
tive number of active sites rather than changing
their inherent reactivity.
Two explanations for increasing the number of
active sites are consistent with the DFT studies
and recognize the importance of the metal-support
interface (9, 12, 18–23). First, if oxygen binding
requires protons from weakly adsorbed water,
then increasing the water coverage should in-
crease the number of available protons and facil-
itate O2 binding. Second, the DFT studies suggest
that *OOH can interact with Au atoms that are
near, but not strictly at, the metal-support inter-
face. As additional Au sites gain access to protons
fromwater, a greater number of O2/peroxo-binding
sites become available. This increase in active-
site density also argues strongly against O atom
vacancies on the support being the active sites
for O2 activation, as surface water would be ex-
pected to rapidly fill those vacancies.
The conclusion that support OH groups do not
directly participate in the reaction mechanism re-
quires a new model to explain why the support
and surface OHs strongly influence CO oxidation
activity (13–15, 24, 25). Our results indicate that the
support OH groups’ primary role is to anchor ac-
tive water near the Au particle and possibly help
activate it through hydrogen bonding. The relative
number of supportOHsnearAuparticles and their
ability to anchor enough water to facilitate the
reactionmay partially explain the strong support
effects reported in the literature (3, 17, 22, 23).
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Fig. 2. Potential energy diagrams for O2 binding and O-O bond activation near the Au/TiO2 inter-
face. (a): In the absence of H2O (dashed pathway), O2 adsorption at the Au/TiO2 interface initiates a
spontaneous transfer of two protons, forming H2O2*; (b): with an adsorbed H2O (dotted pathway), O-O
bond activation leads preferentially to O* and *OH; (c): with adsorbed H2O and CO (solid pathway), O-O
scission is facilitated by nucleophilic attack of *CO, resulting in *COOH (carboxyl).
Table 1. Effects of drying treatments on IR spectra and catalytic activity.
Drying treatment* Ti-OH area† H2O area
‡ u (s−1)
None 14.3 842 0.32
20°C, 0.5 hour 14.1 503 0.22
70°C, 0.5 hour 14.0 228 0.18
20°C, 16 hours 13.9 131 0.09
70°C, 16 hours 13.8 102 0.03
*N2 flowing at 50 ml/min.
†3741–3645 cm−1. ‡3800–1800 cm−1.
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Although the DFT results for O2 adsorption
are congruent with proton transfer as part of
the mechanism, they do not explain the ob-
served KIE. The *OOH species have moderate
direct decomposition barriers (Ea ~0.5 eV, Fig. 2
and SM 6.3). However, CO-assisted *OOH activ-
ation yielding *O and *COOH was found to be
extremely facile (Ea = 0.10 eV, Fig. 2). This O-OH
dissociation barrier is lower than the previously
reported barriers for the related CO-assisted O2*
dissociation on supported and unsupported Au
clusters (10, 13, 14, 18, 32). In contrast to the
predominant opinion reported in the literature
(16), the extremely low barriers associated with
this pathway suggest that O2 activation is quite
facile in the presence of water and CO.
To explain the observed KIE and close the cat-
alytic cycle, we explored possible *COOH decom-
position pathways (SM 6.6); Fig. 4 shows the two
most relevant pathways. In the first pathway, the
proton is spontaneously transferred from *COOH
to the coadsorbed O* (green, DE = –0.27 eV, Ea =
0.0 eV), leaving *OH on the surface after CO2
desorption. Closing the catalytic cycle requires
the direct reaction between *OH and *CO (DE =
0.10 eV, Ea = 0.40 eV, SM 6.4) to yield *COOH,
followed by *COOH decomposition, which returns
the proton and restores the active site. The second
pathway is initiated by an endothermic proton
transfer from *COOH to an adsorbed water mol-
ecule (simultaneously transferring a proton to the
support) (purple, DE = 0.61 eV; Ea = 0.76 eV),
followed by CO2 desorption. The remaining O*
reacts with *CO in a well-studied reaction (DE =
–1.03 eV; Ea = 0.65 eV, SM 6.4).
These pathways are chemically similar, differ-
ing primarily in the order of the steps. The re-
actions between *CO and *O or *OH have fairly
similar barriers, and both pathways also go
through the same endothermic *COOH decom-
position step. This step is the likely RDS because
it involves a proton transfer (*COOH to water)
and has the highest computed activation-energy
barrier (movie S1). DFT calculations based on
this transition state (involving a single water mol-
ecule) yielded a calculated KIE of 2.55 (SM 6.7),
which represents an upper limit to the experi-
mentally determined KIE at low water coverage.
The predicted lower limit of the equilibrium iso-
tope effect associated with this step is 1.08. This
is somewhat lower than the value we measured
at 700-Pa water, but is similar to low values pre-
viously reported using higher water pressures
(21, 28).
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Fig. 3. Infrared spectroscopy and kinetics data showing the changes associated with weakly
adsorbed water. (A) IR spectra and treatment conditions for gently dried catalysts. (B) Reaction order
based on gas phase (●) and weakly adsorbed (▲) water (20°C, 1% CO, 20% O2, SV = 35 liters g
catalyst–1 min–1). (C) Double-reciprocal plots used in Michaelis-Menten kinetic treatment. (D) Michaelis-
Menten kinetic parameters versus catalyst water content.
Fig. 4. Proposed reaction mechanism. (A) Potential energy diagram; both pathways are limited by a combination of *COOH decomposition and the reaction
between *CO and *O(H). (B) Schematic representation of the lower (green) pathway.
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The involvement of weakly adsorbed water
in multiple mechanistic steps is also consistent
with the large reaction order (1.3). DFT calcula-
tions also indicate that a second adsorbed water
molecule in the vicinity of the *COOH species
facilitates the proton transfer, which only needs
to overcome the thermodynamic barrier (DE =
0.70 eV, Ea = 0.70 eV, SM 6.6). Further, at higher
water coverage, rapid proton mobility (33) can
explain the shift to an equilibrium isotope effect.
*COOH decomposition has also been identified
as the RDS in the related WGS reaction on Cu
and Pt (34, 35), and this elementary step is
consistent with reports of NaOH promoting CO
oxidation over Au catalysts (17, 36).
The CO oxidation mechanism shown in Fig. 4,
along with the structural model of support OH
groups anchoring and activating water near Au
particles, provides a fresh framework for inter-
preting previous results. This model provides a
single active-site description that unifies some
very disparate mechanistic information, accounts
for the promotional effects of water, and is con-
sistent with previously reported isotope exchange
studies (21, 27) that indicate that CO and O2 must
react directly on the Au particles without exchang-
ing O atoms with the support or adsorbed water.
At the same time, it maintains the importance of
the support OH groups and the metal-support
interface without directly involving them in the
reaction mechanism. The likely active sites bear
a strong resemblance to the WGSmechanism over
Au catalysts, where the support anchors water
near Au-CO sites (6).
This proposed mechanism explains why the O2
adsorption and activation steps, which are widely
regarded as the critical mechanistic steps, have
been so difficult to characterize. The fast room-
temperature catalysis mechanism requires both
water and CO for O2 binding and activation. Ex-
periments performed without water, particularly
ultrahigh-vacuum and DFT studies, ultimately
probe different reaction mechanisms than what
appears to be the dominant room-temperature
pathway on supported catalysts. Similarly, most
traditional catalyst studies rarely control or re-
port feedwater contents, which has likely contrib-
uted to the wide range of reported CO oxidation
activities for Au/TiO2 catalysts and to the difficul-
ties in understanding the key features of the best
catalysts. Finally, this new mechanism brings
the interpretation of traditional supported cat-
alyst experiments more in line with computa-
tional and surface-science studies, which have
largely indicated that the key reaction steps
occur on Au (7, 9–14, 17, 29), without direct par-
ticipation of the support.
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PLANT ECOLOGY
Environmental filtering explains
variation in plant diversity along
resource gradients
Etienne Laliberté,1* Graham Zemunik,1 Benjamin L. Turner2
The mechanisms that shape plant diversity along resource gradients remain unresolved
because competing theories have been evaluated in isolation. By testing multiple theories
simultaneously across a >2-million-year dune chronosequence in an Australian biodiversity
hotspot, we show that variation in plant diversity is not explained by local resource
heterogeneity, resource partitioning, nutrient stoichiometry, or soil fertility along this
strong resource gradient. Rather, our results suggest that diversity is determined by
environmental filtering from the regional flora, driven by soil acidification during long-term
pedogenesis.This finding challenges the prevailing view that resource competition controls
local plant diversity along resource gradients, and instead reflects processes shaping
species pools over evolutionary time scales.
F
or decades, ecologists have sought to under-
stand patterns in terrestrial plant diversity
along environmental gradients (1). Prominent
theories emphasize resource competition
as a key driver of diversity (2–4). Alterna-
tively, it has been proposed that variation in local
plant diversity along gradients reflects the fil-
tering of species that are poorly adapted to local
environmental conditions (5–7), highlighting the
importance of long-term evolutionary processes
in shaping species pools and present-day patterns
of plant diversity. These competing hypotheses
have been considered in isolation, and further
progress can be made only by considering the
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